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SulyMlRY 

An i nves t iga t ion  w2s made o f  t h e  condi t ions which 
could support i g n i t i o n  o f  Hydrogen-Air mixtures aboard 
a spacecraf t .  It w a s  found t h a t  i g n i t i o n  o f  H Z / A i r  
mixtures i s  a weak funct ion o f  temperat;u_re and can be 
zade t o  occu a t  altitudes as high as 120,000 ft. i f  
s u f f i c i e n t  i g n i t i o n  energy i s  suppl ied and i f  a reas  
l a r g e  enough t o  contain the i g n i t e d  globule e x i s t  s o  
as not  t o  ext inguish the  i g n i t i o n  by wall quenching. 

A c a t a l y t i c  type sensing systen was developed which 
made use of the Nassau Instrument p ropr i e t a ry  Double 

. Bridge System. The instrument was shown t o  be capable 
o f  de tec t ing  0.04% Hydrogen/Air (1% LEL),  was tempera- 
t u r e  and flow i n s e n s i t i v e ,  but  d i d  respond t o  a l t i t u d e  
changes . 
Recoinmendations f o r  f u r t h e r  improvements of t h e  sensor 
t o  e l iminate  the  a l t i t u d e  and contamination s e n s i t i v i t i e s  
are included. 



1.0 

I. INTRODUCTION 

This repor t  i s  subrnitted t o  f u l f i l l  t he  requirements f o r  a 
f i n a l  r epor t  on con t r ac t  NAS8-20597. "ne p r o j e c t  had as i t s  
objec t ive  the  design and manufacture of two  Hydrogen Gas 
Combustion Detectors f o r  spacecraf t  appi ica t ion .  'Tne in s t ru -  
ments suppl ied each cons is t  of a sensor and an e l e c t r o n i c  
package. The sensor  has  a range o f  from 0 t o  150"/0 of  the 
lower explosion l e v e l  of  a hydrogen/air mixture w i t h  100,% be- 
ing defined as 4.0% hydrogen i n  a i r  by volune a t  normal 
temperature and pressure.  The output s igna l  i s  a dc vol tage 
ranging f r o m  a r n i n i m u n  value t o  a naximun of 5 m l t s  x i th  t h e  
s i g n a l  being proport ional  %e, the  square r o o t  o f  t h e  lower 
explosion l e v e l  (LEL). 

The design objec t ives  s t a t e d  i n  the next sec t ior ,  included 
operat ion from a space veh ic l e s '  s tandard 28 V d.c. power 
supply,  over a temperature range of from -55" t o  + 70" C. 
and an a l t i t u d e  range o f  from sea l e v e l  t o  50,OOC f e e t  
which corresponds t o  a pressure range of 760 mn. t o  87 mn. 
o f  Hg. 

The bas i c  p r inc ip l e  employed was t'ne use of c a t a l y t i c  and 
non-catalyt ic  heat  sensing devices both i n  feedback loops 
which made use o f  the  Nassau Instruments p ropr i e t a ry  Double 
Bridge system.* 

B y  t h e  use of the sensors in  the Double Bridge s y s t e n ) a  h i &  
speed o f  response has  been obtained and a system designed 
which is e s s e n t i a l l y  f r e e  o f  temperature changes, 

The work cons is ted  o f  4 phases: 

Phase 1: 

Phase 2: Design and Test o f  Spec i f i c  Equipment. 

Phase 3: Manufacture, Delivery and F ina l  Inspect ion of t h e  

Defini t ion o f  the Problem and Application Engineering. 

two i n s t r m e n t  s. 

Phase 4: Docunentation and Report Preparat ion,  of which t h i s  
r epor t  i s  included. 

* Patent pending, 
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I1 . OSJECTIVZS 

11-1. BackEround. 

The explosive hazard assoc ia ted  with the  presenze of 
combustible gases has been the su’ojec-c of major  considera- 
t i o n  f o r  many years dating back t o  t h e  hazards encountered 
i n  mines and enclosed areas  where the  exhaust gases of guns 
allowed a concentration of p o t e n t i a l l y  explosive gas mix- 
t u r e s  t o  accumulate. I n  space appl ica t ions  where the  vehic le  
employs hydrogen as a f u e l ,  t he  problem has been p a r t i c u l a r l y  
severe because o f  the  considera5le q u m t i t y  o f  t h e  hydrogen 
gas present and because of t h e  c h a r a c t e r i s t i c s  of hydrogen 
which i s  a c o l o r l e s s ,  t a s t e l e s s  gas and is  combustible over 
a very wide range of i t s  a i r /gas  r a t i o s .  Because hydrogen 
i n  i t s  i d e a l  ( s to ich iometr ic )  mixture r equ i r e s  l e s s  energy 
than  any o the r  gas t o  i g n i t e ,  t h e  problems a s soc ia t ed  with 
i t s  use have become increas ingly  urgent.  

There have been many s t u  i s escr ib ing  the problems en- 
countere& with hydrogen ‘t5, ?. 
o f  d i f f e r e n t  techniqxes have been described f o r  t h e  detec- 
t i o n  of  combustible o r  p o t e n t i a l l y  combustible hydrogen/air 
mixtures. The one which is  a l m o s t  exc lus ive ly  used f o r  
commercial appl ica t ions  cons i s t s  of a sensor i n  which c a t a l y t i c  
and nonca ta ly t ic  mater ia l  i s  employed i n  a wheatstone bridge 
which i s  genera l ly  powered s o  as t o  be se l f -hea t ing  a t  some 
p rese l ec t ed  operat ing temperature below the  i g n i t i o n  point  
o f  hydrrogen but  high enough t o  provide good c a t a l y t i c  a c t i o n  
on the  s e n s i t i v e  element. As hydrogen/air burn c a t a l y t i c a l l y  
on t h e  a c t i v e  element, the br idge unjalances and t h i s  WL- 

balance i s  taken as a measure of t he  hydrogen gas present .  
The devices a r e  ge, ieral ly  c a l i b r a t e d  i n  t e r m  of  the per  c e n t  
o f  the  lower explosion l e v e l  (LEL) of a hydrogen/air a i x t u r e  
which is  genera l ly  taken 2s being 4.C% 52 by vol ine .  Thus 
an output reading of 50% would i nd ica t e  276 H2/air present .  

I n  these  s t u d i e s  a number , 

In  add i t ion  t o  t he  c a t a l y t i c  sensors  t he re  have been o ther  
devices designed and t e s t e d  which include the  following: 

(1) A chemical o r  e l e c t r i c a l  chemical de tec tor  which r e l y  
upon t h e  electro-chenical  consumption o f  hydrogen as opposed 
t o  the oxidat ion of hydrogen by combustion. 

( 2 )  The change in  r e s i s t ance  of a t h i n  f i l m  of palladium 
metal  as a funct ion of hydrogen concentrat ion (not combustion). 

(3) A measurement of t he  thermal-conductivity of t h e  hydrogen/ 
a i r  mixture as compared t o  a i r  having no hydrogen. 

1, A l l  references a r e  co l l ec t ed  a t  t he  end of  t h i s  repor t  
by t h e i r  numbers. 

I 
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(4) A measurement o f  the  change i n  the  pressure i n  the 
volume o f  a sample when the hydrogen wi th in  t h e  sample i s  
oxidized . 
Although each of these  methods have been ,s tudied  they  a l l  
have severe innerent l imi t a t ions  which render them impracti-  
c a l  f o r  space appl ica t ion .  Furthermore, none o f  them o f f e r  
any advantages over t he  c a t a l s i c  sensing method and they 
a r e  a l l  more complicated in execution. Perfiaps t h e  g r e a t e s t  
ob jec t ion ,  i s  t h a t  w i th  the exception o f  the c a t a l y t i c  de- 
t e c t o r ,  none of  t he  o ther  methods use an i n t r i n s i c  proper ty  
wkrich would monitor combust ibi l i ty  which was the  f a c t o r  o f  
g r e a t e s t  concern. A s  an exampie, as ins t r -ment  based upoil 
thermal-conductivity m i g h t  produce an output i n  the presence 
o f  some o ther  gas having thermal conduct iv i ty  proper t ies  
similar t o  hydrogen but not necessa r i ly  explosive.  

11-2. ~ Hydrogen Gas Propert ies .  

Hy6rogen gas is  c o l o r l e s s ,  oderless ,  and t a s t e l e s s .  I t s  
atomic weight i s  1.00797, i t s  melt ing point  i s  -437.46" F. 
I ts  bo i l ing  p o i n t  i s  -422.5' F. and i t s  s p e c i f i c  g rav i ty  i s  
approximately 7% i n  a i r .  
i g n i t i o n  tenpera ture  than m o s t  h drocarbons (1085' F. vs .  

i g n i t e  a s to ich iometr ic  hydrogen/air mixture is  only 0.02 
m i l l i j o u l e s  as opposed t o  0.3 m i l l i j o u l e s  f o r  a s t o i c h i o n e t r i c  
a i r /pentane  mixture. It is poss ib le  t o  bu i ld  up a s t a t i c  
charge on an insu la ted  member with hydrogen o r  a combustible 
mixture of hydrogen and air flowing pas t  such a member and 
t h e r e  have been some experiences when t h e  discharge of t h i s  
s t a t i c  charge w a s  s u f f i c i e n t  t o  i g n i t e  t h e  mixture. Conbus- 
t i o n  of  a hydrogen/air mixture can t ake  place over a very 
wide range. The hydrogen volune range i s  from 4.0 t o  7+% 
for a i r  and from 4.0 t o  94% f o r  oxygen. Figure 1 shows a 
p l o t  4 of  t he  minimum ign i t ion  energy vs.  the f u e l  oxygen 
r a t i o s  f o r  hydrogen i n  a v a r i e t y  of o the r  hydrocarbons. 

Although hydrogen has a higher  

a range o f  f rom 300 t o  1300" F.) 3 , the  energy requi red  t o  

11-3. Commercial Instruments. 

The de tec t ion  of combustible gaseous mixtures ,  p r imar i ly  of  
hydrocarbons, has r e su l t ed  i n  the development o f  a now f a i r l y  
w e l l  accepted group of instruments in which a f i n e  fi lament 
of  platinum wire o r  a l t e r n a t e l y ,  a c a t a l y t i c  sponge o r  f i l m  
i s  placed in' a Wheatstone br idge c i r c u i t .  E l e c t r i c a l  cur ren ts  
pass through the br idge c i r c u i t  causing the  sensing elements 
t o  hea t  t o  a temperature a t  which t h e  c a t a l y t i c  combustion 
occurs.  This ranges f rom 200" t o  700" C. Under these con- 
d i t i o n s  the  bridge is  balanced and the  sensing elements a r e  
then  subjected t o  a sample of t he  p o t e n t i a l l y  hazardous gas. 
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0 

0 

If the  gas i s  present  in a r a t i o  below t h e  L E L , i t  burns 
c a t a l y t i c a l l y  on the sensor s w f a c e  causing one element 
of the bridge c i r c u i t  t o  r a i s e  in temperature and thus i n  
res i s tance  s o  a s  t o  unbalance the br idge.  The br idge 
unbalance i s  measured e i t h e r  d i r e c t l y  o r  e l e c t r o n i c a l l y  
and the  degree of unbaiance is  c a l i b r a t e d  in terms of per- 
cent  of LEL. Devices using t h i s  p r inc ip l e  a r e  cu r ren t ly  
i n  use i n  indus t ry  and a2e genera l ly  s a t i s f a c t o r y  once 
t h e i r  l i n i t a t i o n s  a r e  properly understood. 

V i r tua l ly  all of the  present commercially ava i l ab le  sensors 
a r e  designed s o  t h a t  the sensing heads a r e  of the  d i f fus ioc  
type.  Tnis means that  the eienents  a r e  piaced i n  a chamber 
s o  t h a t  the  convection currents  generated by the heat  of t h e  
sensors s e t  up a flow of a i r  through the element. The claim 
i s  made t h a t  by such a design no external  punping i s  required.  

It is  inportant  t h a t  the  l imi t a t ions  of t h e  coarnercial 
d i f fus ion  heads be properly understood. Diffusion sensors 
pump a t  a very s low r a t e .  This r a t e  is s u f f i c i e n t  i f  there  
i s  H2/a i r  present  because i n  the d i f fus ion  r e g h e  more €$/air 
molecules a r e  preser ted  t o  t h e  sensor than  can be burned 
c a t a l y t i c a l l y .  Because the sensors pump 5y d i f fus ion ,  
however, it i s  apparent t h a t  the pumping process occurs a t  
a very low r a t e  and it means in e f f e c t  t h a t  t he  hazardous gas 
must f i n d  the sensor.  

During the burning process the  heat ing r a t e  of the sensing 
element with d i f fus ion  pwping  is  a func t ion  of the ambient 
temperature and pressure .  Tnus, while the  s tandard c o m e x i a l  
sensor  i s  balanced for ze ro  d r i f t  vs .  temperature with no gas 
present  i t s  c a l i b r a t i o n  becomes very much a func t ion  of both 
temperature and pressure once burn ing  starts, This i s  
i l l u s t r a t e d  in Figure 2 and 3 i n  which L3L output was observed 
with ca l ib ra t ed  gases a t  various temperatures and p r -  assures .  
Note t h a t  with 3;6 H2/air (75% LEL) e r r o r s  of +14, -10:; vere 
observed with tenperature .  A t  reduced pressures  the  e r r o r s  
increased  with lovered pressure f o r  a change of f ron 75 t o  
93% LET with a 757; C a  b ra ted  gas. This corresponds t o  a 
Feading e r ro r  of ( 9 3 -  3 x 100 )=+24%.  

-75 
Since it is  t o  be expected that  low pressure and low tempera- 
t u r e  would occur with increased a l t i t u d e  the  e r r o r  w i l l  add 
for a t o t a l  of 14 x 24 = +38% e r ro r .  

Some companies have made equipaent which requi res  the use 
o f  pumps t o  sample t h e  gas s o  as t o  ge t  a much more pos i t i ve  
and predic tab le  sample of the a i r /gas  mixture i n  an area. 
being surveyed. The d i f f i c u l t y  of pumping with s tandard 
sensing heads l i e s  in the process of obtaining a pred ic tab le  
c a t a l y t i c  burning r a t e  under anything o ther  than d i f fus ion  
punping. 



I n  the  d i f fus ion  regime many more molecules o f  hydrogen 
and a i r  a r e  ava i lab le  f o r  combinations than  can be combined 
on t he  surface of the c a t a l y t i c  sensor.  As a consequence, 
t h e  heat  developed on the  surface of t h e  sensor i s  a func t ion  
only of t he  r a t i o  of the hydrogen-air mixture r a t h e r  than 
an add i t iona l  f a c t o r  o f  the r a t e  a t  which tiie noiecuies are 
presented.  If t h e  gas i s  presented  a t  a r a t e  f a s t e r  o r  
slower than the  pred ic tab le  d i f fus ion  r a t e ,  t h e  r a t e  of hea t  
developed and therefore  bridge unbalance w i l l  no longer be 
s o  pred ic tab le  and f o r  t h i s  reason it is necessary,  i n  a 
s tandard  commercial u n i t ,  t o  pump a t  a well  cont ro l led  and 
c a l i b r a t e d  f l o w  r a t e  vhich means t h a t  not  only is  a pmp . 
r ecp i r ed  but  a flow r a t e  c m t r o l l e r  must also 3e zmploged 
and continuously observed t o  insure t'nat the pumpiig r a t e  
does not  change f rom the  ca l ib ra t ed  anount. Since s a f e t y  
monitoring i s  a 24 hour a day, seven day a week process 
it i s  easy t o  see why d i f fus ion  r a t h e r  than mechanical pump- 
ing has become the accepted technique. The r e s u l t  of t h i s  
i s  t h a t  un less  a l a rge  number of d i f fus ion  sensors  a r e  used, 
it i s  poss ib le  f o r  a subs t an t i a l  conoentration t o  bu i ld  up 
in one p a r t  of an area before it i s  observed by the d i f fus ion  
sensor  a t  a po in t ,  say,  5 o r  10 f e e t  away. Furthermore, t he  
time requi red  before the gas reaches the  d i f fus ion  head may 
be such as t o  preclude the tak ing  of the necessary precau- 
t i o n a r y  counter measures. 

. 

11-4. D e s i q  Goals. 

The goal of t h i s  e f f o r t  was the  development of a hydrogen/air 
combustible gas mixture detector  t o  de tec t  hydrogen accmu- 
l a t i o n  in an area on board a Saturn vehic le .  The cont rac t  
c a l l e d  f o r  t he  de l ivery  of t w o  complete instruments.  The - design g m l s  were spec i f ied  a s  follo.v;s: 

1, Operational spec i f ica t ion .  

(a.) The system s h a l l  operate from 28 V o l t s  D.C. + 10% with 
70 V. spikes .  The output s h a l l  be a vol tage rangizg f r o m  
0 t o  +5 v o l t s  doc.' i so l a t ed  from pover ground which s h a l l  
represent  inputs  from t h e  a inhum detec tab le  concentrat ion 
of  hydrogen i n  a i r  up t o  an upper ranme value on t h e  orde?- 
o f  15m of the lower explosion l i m i t  TLEL). 
s h a l l  be t h e  square r o o t  of LEL. 

(b.) 
l e a s t  1% hydrogen i n  a i r .  

(c.) 

(d.) 

Output vol tage 

The minimum detectable  amount of hydrogen s h a l l  be a t  

The response o f  the system s h a l l  be l e s s  than 1 second. 

The accuracy of the  system s h a l l  be + 17; o f  f u l l  sca le .  - 
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2. Znvironmental spec i f ica t ions  . 
0 (a,) Vibration. 20 t o  2,000 cps random noise ,  0.6 g*/cps 

f o r  12  minutes in  each of  3 perpendicular  planes,  

1 (b.) Temperatwe -55 C, t o  + 70 C. 

(c.) Pressure:  the  system sha l l  be capable o f  operat ing 
w i t h  spec i f i ca t ions  a t  a l t i t u d e s  up t o  50,000 f t .  

(d.) The instrument must not  cause an explosion in the  
presence of explosive mixture. 

(e.) 

( f  .) Acceleration: 10 g maximum. 

, 
The system sha l l  meet R F I  requirements. 

(g.) Accoustic noise:  The system shal l  be requi red  t o  
operate  within spec i f ica t ions  and subject  t o  accous t ic  no ise  
o f  160 db in a frequency range of f rom 100 t o  10,000 cps 
w i t h  0.0002 dynes/cm2 ' reference.  

( h , )  Humidity: 9576, 48 h o u r s ,  cycled between 2 5 O C .  and 
-70" C, 

It was understood t h a t  while the equipment t o  be developed 
should be capable of meeting the above spec i f i ed  desig-n goals 
i f  poss ib le ,  --it was not  intended t o  a c t u a l l y  operate  o n  
board a Saturn vehicle .  



111. TECHNICAL I ~ O R M A T I O N  

111.1 H p / A i r  Flammability L i m i t s  , 

There have been many invest igat ions during the pas t  50 years  
t o  determine the combustion p rope r t i e s  of hydrogen in a i r ,  
i n  oxygen and i n  o the r  mixturres including oxygen, n i t rogen  
and t h i r d  p a r t  gases,  The nos t  comprehensive information 
is contained i n  repor t  No. 1383 "Survey o f  Hydrogen Combustion 
Proper t ies"  by Drel l  and Bel les ,  published by t h e  NA4CA in 
19581 , In  descr ibing the  flammabili ty limits of hydrogen/air 
mixtures it i s  necessary t o  spec i fy  the  operat ing temperature 
and pressure  and t o  a l s o  understand t h a t  wall quenching nay 
have an e f f e c t  on t'ne limits. It is  a l s o  necessary t o  dis-  
t inguish  between coherent and noncoherent f l anes  and upward 
and downward flame propagation. 

The flammabili ty l i m i t  f o r  most  f u e l s  vary depending upon 
whether t h e  measurements a re  made f o r  an upward o r  downward 
propagating flame because of convection e f f e c t s  which a s s i s t  
t h e  f l m e  a s  it t r a v e l s  upward, This is  p a r t i c u l a r l y  t r u e  
f o r  lean mixtures of hydrogen and a i r .  The r i c h  l i m i t  f o r  
hydrogen is  the  same f o r  both upward and downward flame 
propagation, 75% by volune. The lean  l i m i t  however, is  
a f f e c t e d  Tor  upward propagation by whether o r  not  a coherent 
flame i s  observed, For upward o r  doi,ms.lard coherent flame 
propagation the l i m i t  is 9.@4 by volume, Tinis i s  the  
l eanes t  l i m i t  of a hydrogen/air mixture t'nat burns completely. 
Leaner mixtures down t o  the noncoherent l i m i t  of 4.0% hydrogen 
a r e  flammable, but the flame i s  made u2 of separa te  "globules" 
which slowly ascend in  the  ves se l  i n  which the t e s t  is being 
conducted, Although these globules  do not  burn all the  f u e l  
they  'nave t o  be reckoned with f o r  s a f e t y  and it is  
f o r  t h i s  reason t h a t  the  lower explosion l i m i t  f o r  hydrogen 
a i r  a t  normal pressures  and temperature is  taken a t  4.0%. 

Temperature e f f e c t :  
widens the  flammability range s o  t h a t  the lean l i m i t  occurs 
a t  lower concentrat ions and the r i c h  l i m i t  a t  h igher  con- 
cen t r a t ions  a s  t h e  temperature is  increased. This i s  shown 
i n  Figure 4. 

Heating a mixture of hydrogen/air 

Al t i tude  e f f e c t s :  There has been much wr i t ten  and wide 
misunderstanding about the e f f e c t s  of pressures  below one 
atmosphere on explosion limits. Extensive work was done 
by J. Drop5 which was summarized by Coward and Jones. 
Observations were made t h a t  the flammabili ty range narrowed 
as the  pressure  was reduced, gradual ly  a t  f i r s t  then more 
r a p i d l y  t o  an  absolute  pressure of approximately 50 mm. of 



mercury. A t  t h i s  point  i t  w a s  be l ieved  a minimum pressure 
was reached below which no mixture propagated a flame. 
Drel l  and Bel les '  have shown t h a t  t he  above observations 
of flammabili ty l i m i t  against  p ressure  i s  merely a curve 
showing the  concentrations and pressures  f o r  which t h e  quench- 
ing dis tance is e q m l  %o t h e  d i m e t e r  of'the flame tube. 
From t h e  mos t  recent  data  it Frould appear t h a t  t he re  i s  no 
measurable m i n i m u m  pressure below which an explosion can 
occur and flame propagate i f  t he  f l ane  tube is  l a rge  enough. 

A t  t h e  ou t se t  of t h i s  p ro jec t  the  assumption w a s  made t h a t  
t h e  Drop and the Coward and Jones data  was cor rec t  s o  t h a t  ' 
it was only necessary t o  be concerned with press-cres down 
t o  about 80 mm, of mercury corresponding t o  50,000 f t ,  of 
a l t i t u d e .  With the  newly found da ta ,  however, it is  now 
known t h a t  it i s  poss ib le  t o  ob ta in  flammabili ty a t  p ressures  
as l o w  as 4 mm. of mercury. A p l o t  of  hydrogen/air mixture 
vs. flame propagation a t  var ious tube d i m e t e r s  i s  shown i n  
Figure 5 which i s  ex t rac ted  from Ref. 1, This shows t h a t  a s  
long as the  flame diameter can be allowed t o  be b ig  enough 
t o  support i t s e l f  without being quenched by a nearby w a l l  
it i s  poss ib le  t o  get  burning a t  p ressures  down t o  4 an. of 
mercury absolute  corresponding t o  an a l t i t u d e  of 119,030 f t .  
To do s o ,  however, requires  a much g r e a t e r  i gn i t i on  energy 
as discussed i n  the  next sect ion.  

I g n i t i o n  energv vs, a l t i t u d e .  A p l o t  of minbum ign i t ion  
energy vs. hydrogen/air mixture i s  shown i n  Figure 6. 4s is  
shown, while i gn i t i ons  have been made t o  occur w i t h  a s  l i t t l e  
as 0.02 m i l l i j o u l e s  of a s to ich iometr ic  mixture of hy&ogen 

lower explosion l eve l .  This becane approxiinately 1 .2  m i l l i -  
jou les  a t  an atmospheric ~I .PSS~_LPP of 0.2 cf sea l eve l .  2ig.7 
i s  a logarithmic p l o t  of  the data shown on Fig.  6 from which 
a rough r e l a t ionsh ip  between ign i t ion  energy and pressure can 
be determined. This i s  shown t o  be approximately: 

- a n d  a i r  a t  one atmosphere, it took 0.6 m i l l i j o u l e s  a t  the 

=-2 I =  I - Ign i t ion  Energy 
P - Absolute Press  
K - Constant 

It the re fo re  becomes apparent t h a t  while t he re  i s  no def in i -  
t i v e  l i m i t  t o  the a l t i t u d e  a t  which it can be absolu te ly  
s t a t e d  t h a t  an explosion w i l l  not  occur ,  t he re  a r e  v e r y ,  
d e f i n i t e  p r a c t i c a l  limits above which it is  reasonable t o  
assume t h a t  i gn i t i on  sources of a magnitude l a rge  enough t o  
cause the  explosion w i l l  not occur. The l imi t ing  f a c t o r s  
a r e  : 

(a.) The magnitude of t he  ava i lab le  i g n i t i o n  energy. 
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(b.)  
being quenched by a cool  surface.  

The s i z e  of a flame which can be propagated before  

While ( a )  is  d i f f i c u l t  t o  es t imate ,  (b)  is  e n t i r e l y  con- 
t r o l l e d  by the  l o c a l  geometry. Using the data from Fig. 5 
it i s  obvious t h a t  flames cannot propagate i n  a reas  having 
metal e lmeri ts  separated by 5 inches o r  l e s s  a t  p ressures  
below 8 m. Hg. abs. For dis tances  of 20 inches the 
minimum pressure i s  2 am. Hg, abs. 

These a r e  extremely conservative est imates  and only hold 
for mixtures well above a 9.006 H2/air mixture. For  non- 
coherent f lames t h e  l i m i t s  appear t o  be a t  s u b s t a n t i a l l y  
h igher  pressures .  

Al t i tude  vs. Temperature Effect .  The condi t ions under which 
hydrogen/air mixtures w i l l  i g n i t e  spontaneously a s  well  a s  
with ex terna l  i gn i t i on  is  a func t ion  of t h e  combination of 
pressure  and temperature. Fig.  8 shows a co l l ec t ion  of 
curves of the explosion limits a s  a func t ion  of temperature 
and pressure,  The s o l i d  l i n e  is a curve of t h e  s to ich iometr ic  
hydrogen/oxygen mixture. The data  was taken i n  a spher ica l  
ves se l  7.4 cm. i n  diameter. From the  previous data  we w i l l  
assume therefore  t h a t  wall quenching would prevent i g n i t i o n  
from occurring a t  pressures  l e s s  than approximately 5 mm, of 
Hg. abs. Fig. 8 shows t h a t  a t  t h i s  pressure  we do have the  
lowest temperature a t  which ign i t ion  can OCCUT. This curve 
i s  used t o  descr ibe the  s o  c a l l e d  l s t ,  2.116, and 3rd explosion 
limits of hydrogen a i r  mixtures. Along a v e r t i c a l  l i n e  of 
constant  temperature there  i s  f i r s t  no explosion. A t  some 
given pressure the  f i r s t  l i m i t  occurs and explosive condi t ions 
p reva i l  u n t i l  t he  v e r t i c a l  l i n e  i n t e r s e c t s  t h e  curve a t  a 
h igher  pressure a f t e r  which no explosion can occur. F ina l ly ,  the  .t,.--A-,-.L---- depenc?Ln,g cpn xhat u G u p ~ ~ a b ~ ~ ~  i s ,  a t h i r d  l i m i t  occurs. 

The explosion limits depend upon not  only the quenching 
d is tance  ( the s i z e  of the  ves se l  i n  which the t e s t s  a r e  made) 
but a l so  what i s  on the  w a l l s  o r  surfaces .  This is shown by 
t h e  dashed curves i n  Fig.  8. The l a r g e r  t he  vesse l  the  
lower the  pressure of t h e  t h i r d  l i m i t  as it i s  shown i n  
Fig.  5. The ' junct ion of the f i r s t  and second limits is  dis-  
p laced  t o  higher  temperatures a s  t h e  ves se l  i s  made smaller  
( i . e  .... the  quenching dis tance i s  reduced). 

Fig.  8 shows t h a t  under the bes t  combination of temperature 
and pressure and with the  s to ich iometr ic  mixture of hydrogen/ 
oxygenjthe lowest i gn i t i on  temperature i s  j u s t  under 400° C. 
It was on the  bas i s  of these cons idera t ions  t h a t  the maximum 
opera t ing  temperature o f  the sensor used f o r  t h i s  equipment 
w a s  chosen a s  350" C. By maintaining t h i s  temperature under 
all condi t ions o f  e i t h e r  c a t a l y t i c  burning and/or outs ide 
am'oient temperature the re  is  no p o s s i b i l i t y  t h a t  the sensor 
i t s e l f  can i g n i t e  an explosion. 
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111-2. Cata ly t ic  Sensors. 

The sensing p r inc ip l e  used t o  de tec t  the presenee of small 
q u a n t i t i e s  of hydrogen/air mixtures i s  t h e  use of two 
thermally s e n s i t i v e  elements pia-ced i n  the air/gas stream4 
one being capable of producing c a t a l y t i c  burning on i t s  
surface and the  o ther  incapable of producing such burning. 
The system is  designed t o  measure the e f f e c t s  of such 
burning which a r e  proport ional  t o  the mount  of hydrogen 
present  . 
The c a t a l y t i c  a c t i v i t y  with heterogeneous c a t a l y s t s  is  a 
surface process in which the  gas i s  adsorbed, t h a t  i s ,  
it c o l l e c t s  i n  l aye r s  s o  a s  t o  r eac t  with the  surface.  The 
surface r eac t ion  i s  a combination of chemical and e l e c t r i c a l  
phenomena and i s  genera l ly  termed chemisorbtion. In the 
process ,  molecules of hydrogen and oxygen a r e  made t o  r e a c t  
on the surface of t h e  c a t a l y s t  a t  t enpera tures  and a t  nix- 
t u r e s  a t  which they would not  otherwise combine. I n  the  
process of combining t o  form water ,  hea t  is  given o f f  and 
it i s  t h i s  heat  which i s  r e l a t e d  t o  t he  amount of hydrogen 
present .  

The chemistry,  e lec t ronics  and mechanics o f  c a t a l y s t s  a r e  
qu i t e  complex with much supporting l i t e r a t u r e  6,7,8,9. 
Although most  of t'ne theo re t i ca l  considerat ions a r e  beyond 
t h e  scope of  t h i s  r e p o r t i  c e r t a i n  conclusions a r e  presented 
s o  a s  t o  understand the underlying reasons f o r  the  design of 
t h e  sensors  5n t h e  present form and a l s o  f o r  an mders tanding  
of  t h e i r  l imi t a t ions  . 
Cata ly t ic  adsorbt ion is  a f fec ted  by t h e  d i f fus ion  coefficient 
of the gases d i r e c t l y  around the heated element, the tempera- 
t u r e  of t he  element and the c a t a l y t i c  a c t i v i t y  coe f f i c i en t  
of the  e l e a e n t s '  surface.  

On a c a t a l y t i c  surface most of  the  ava i lab le  energy i n  the 
gas mixture w i l l  be converted t o  hea t  i f  a l l  of t h e  gas 
molecules a r e  presented t o  t h e  surface.  From t h i s  one can 
conclude t h a t  t he re  i s  a miximum gas ve loc i ty  beyond which 
t h e  e f f e c t i v e  c a t a l y t i c  a c t i v i t y  w i l l  be reduced s ince not  
all of t h e  ava i lab le  molecules w i l l  be presented t o  the  
surface . T'ne ve loc i ty  below which the  c a t a l y t i c  a c t i v i t y  
i s  inf luenced i s  c a l l e d  the  d i f fus ion  regine.  I n  t h i s  range 
of gas v e l o c i t i e s ,  f r e sh  gas molecules a r e  cons tan t ly  pre- 
sen ted  t o  the  c a t a l y t i c  surface f o r  conversion and t h e  
amount of hea t  generated is  only a func t ion  of the  gas con- 
cen t r a t ion  and not the ve loc i ty  of t h e  gas. To e l iminate  
any f l o w  e f f e c t s  f rom a c a t a l y t i c  de t ec to r ,  it i s  therefore  



necessary t h a t  it be designed t o  be operated i n  i t s  
d i f fus ion  regime. However, i f  it i s  s o  operated t h e r e  
a r e  c e r t a i n  pressure e f f e c t s  which must be considered. 

Rate of Combustible Gas Diffusion t o  the H o t  Cata ly t ic  
Surface . 
The d i f fus ion  coe f f i c i en t  is  a func t ion  o f  t he  r a t e  of gas 
d i f fus ion  toward a hot  surface.  It i s  proport ional  t o  t he  
square r o o t  of the  hot  surface temperat-ure- and inverse ly  
proport ional  t o  the gas density.  The mass d i f fus ion  r a t e ,  
i n  moles per  second, is equal t o  the  gas dens i ty  mul t ip l ied  
by the  d i f fus ion  coe f f i c i en t  and the  concentrat ion gradient  . 
Thus, t he  mass d i f fus ion  r a t e  i s  independent of the dens i ty  
and only dependent on t h e  square r o o t  of t he  hot  surface 
temperature. 

Effect  of  t he  Combustion Process on the  Hot Cata ly t ic  Element. 

1. From these considerat ions t h e r e  a r e  two condi t ions of 
t h e  combustion process on the  hot  c a t a l y t i c  element which 
must be considered. The f i r s t  is the  e f f e c t  of pressure  on 
t h e  amount of combustion energy which i s  implanted i n  the  
heated c a t a l y t i c  element. The second i s  the  e f f e c t  of 
pressure on the  aqount of hea t  which i s  conducted away from 
t h e  c a t a l y t i c  element. 

Pressure vs.  Combustion Energy 

The hea t  loss from the  hot c a t a l y t i c  e lenent  due t o  gaseous 
conduction is  proport ional  t o  the  product of the thermal 
c o n d m t i v i t y  X, element surface a rea  A ,  and the  difference 
between the  element temperature and the  temperature of t h e  
chamber wal l  i n  which the  sensor  element i s  contained. The 
thermal conduct ivi ty  is  proport ional  t o  the  square r o o t  of 
t h e  gas temperature and i s  independent of t he  pressure.  T h i s  
independence of pressure assumes t h a t  the s i z e  o f  the  sensing 
e lexent ,  d (assumed here t o  be c y l i n d r i c a l )  is  much g rea t e r  
than t h e  mean f r e e  path of  the  gas molecules. This means 
t h a t  t h e  gas molecules co l l i de  with other  molecules e a s i l y  
s ince  the  mean f r e e  path is so  small .  As a consequence, a l l  
t h e  molecules s t r i k i n g  the heated element a re  not a t  t h e  wall  
temperature but a r e  a t  a h igher  temperature having previous- 
l y  co l l i ded  with o ther  hot molecules. I n  t h i s  system we 
have a temperature gradient  which extends from the heated 
element out t o  the  cold w a l l .  

(b.) Pressure vs. Heat Conducted Away. 

If t h e  mean f r e e  path i s  lengthened by reducing the  pressure  
SO t h a t  it is  of t k  sane order  a s  the  s i z e  of the sensing 
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element o r  l e s s ,  many of the molecules which s t r i k e  the  
element have not previously c o l l i d e d  with hot  molecules a r e  
the re fo re  a t  t he  w a l l  temperatwre. Thermal conduct ivi ty  of 
t h e  gas now becomes proport ional  t o  the  dens i ty  o r  pressure 
of  the  gas. The t r a n s i t i o n  from one condi t ion t o  the o ther  
i s  graCr;al as sho-m Selow. 

4 
I 

m . f  .p .  =mean 
I d = s i z e  of 

f r e e  pa th  
sensor 

P = dens i ty  

Note t h a t  t he  f l a t  p a r t  of t h e  curve extends f u r t h e r  t o  
t h e  l e f t  as the  element s i z e  increases. 

(c.) 
i s  used by most commercial manufacturers, the  mean f r e e  pa th  
i s  m u c h  l e s s  thzn the  senscr s i z e .  

I n  a conventional c a t a l y t i c  de tec t ion  sys ten  such as 

E.P. + COP. = KA (TWC - T, ) 
and 

E.P. = KA (Tvmc - T, ) 

E.P. i s  t h e  e l ec t ron ic  power 
C.P. i s  t h e  combustion Dower 
Twc 
Twnc i s  t h e  nonca ta ly t ic  sensor temperature 

is  wire temperature of the  c a t a l y t i c  sensor 

Solving the  above: 



Since combustion power i s  independent of pressure  the  
c a l i b r a t i o n  i s  thus independent o f  p ressure .  However, when 
the  mean f r e e  path i s  of the same order  o r  l e s s  than the 
sensor s i z e  the  above equation becones: 

C.P. = (Twc - Tjqncj 
o r  

'pwc - Tmc = C.P./KAP 

From t h i s  can be concluded t h a t  under these condi t ions the 
c a l i b r a t i o n  i s  somewhat pressure dependent, increas ing  as . 
t h e  dens i ty  i s  reduced. 

(a) The Nassau Instruments sensor is  designed t o  meet a 
number of the  condi t ions for shock v i b r a t i o n ,  ove ra l l  s t r eng th ,  
e l e c t r i c a l  r e s i s t a n c e ,  exact area matching and o ther  f a c t o r s  
r e s u l t i n g  i n  it being very small with a dimension which 
approaches the  mean f r e e  path a t  reduced pressures .  Thus i n  
t h e  equation Twc = k c  and the two equations become: 

A.C.P. + D.C.P. = KAP (Tw - T, 1 
where ACP i s  the  a.c. power and DCP i s  the doc .  power i n  t h e  
Double Bridge System (See paragraph 111-5). 
t h e  doc .  power (DCP) equals the combustion power (CP).  * 

I n  t h i s  system 

2. Effec t  of Pressure on Burning Power Deposited on Cata ly t ic  
Element. 

A s  the  mean f r e e  path increases  t h e  oxidized molecule can 
move f u r t h e r  away from the  hot  sensing element thus increas ing  
t h e  p r o b a b i l i t y  t h a t  some o f  the  combustion power never 
reaches the  wire. Thus a t  lower pressures ,  although the 
number of molecules d i f fus ing  on t o  t he  hot  surface i s  in- 
dependent of pressure,  t he  f r a c t i o n  of the conbustion power 
which i s  deposi ted the re  i s  reduced. A s  a consequence, the 
sensor  developed under t h i s  cont rac t  is  s e n s i t i v e  t o  reduced 
pressure  operat ion a s  is  shown i n  Figure 9. 

I n  Sec t ion  V I  (Recommendations) methods o f  e l imina t ing  t h i s  
pressure  dependency a r e  discussed. 

. 111-3. Sensor Poisonin<, 

Heterogeneous c a t a l y s i s  i s  employed i n  the sensor being des- 
c r ibed  herein.  This type of c a t a l y s i s  i s  e s s e n t i a l l y  a 
sur face  e f f e c t  and i s  ca l l ed  adsorpt ion o r  chemisorption. 
It requi res  t h a t  the gas molecule make phys ica l  contact  with 



t h e  surface of t he  sensor before the  r eac t ion  can occur. 
The surface mechanics o f  c a t a l y t i c  ma te r i a l s  a r e  not  t o o  wel l  
understood. What i s  kno:m however i s  t h a t  t h e  e n t i r e  sur- 
f ace  i s  not equal ly  a c t i v e  but  r a t h e r  t h a t  t h e r e  a r e  zones 
o r  a reas  of c a t a l y t i c  a c t i v i t y  and it i s  only i n  these  zones 
t ha t  t'ne reac t ions  occur. 'inese zones o r  a r eas  make u? oniy 
a small p a r t  of t h e  t o t a l  a rea  of t h e  c a t a l y t i c  mater ia l  s o  
t h a t  it is  e a s i l y  understood t h a t  very small  mo1mts  of 
mater ia l  can desent ize  the  c a t a l y t i c  a reas .  

- 

To counteract t he  poisoning e f f e c t ,  commercial sensors  ezaploy 
c a t a l y t i c  ma te r i a l s  having effectiTvre a reas  much l a r g e r  than  
t h a t  which wo-uid be necessary simply t o  de t ec t  the  presence 
of  hazardous gas. By s o  do ing  they  make it poss ib l e  f o r  a 
propor t iona te ly  l a r g e  p a r t  of t he  sensor t o  become poisoned 
without rendering it completely inac t ive .  This increase i n  
t h e  area i s  done e i t h e r  by phys ica l ly  enlarging the  c a t a l y t i c  
sur face  mater ia l s  such as by deposi t ing a l a r g e  a rea  f i lm of 
c a t a l y t i c  mater ia l  o r  by t'ne use o f  a c o i l  of f i n e  platinum 
wire much longer than  vould otherwise be needed. An a l t e r n a t e  
and very .prominent p rac t i ce  i s  the  use of a porous c a t a l y t i c  
ma te r i a l  deposited on t h e  sensing element, gene ra l ly  i n  the  
f o r n  of a bead. The e f f e c t i v e  a rea  of the  Dorous mater ia l  
o f  the  c a t a l y s t  i s  many t i n e s  l a r g e r  than t h e  observable 
sur face  a rea  because o f  t h e  thousands of f i n e  pores in t h e  
surface.  The use of t h i s  porous ma te r i a l  not only increases  
t h e  e f f e c t i v e  sur face  area s o  a s  t o  aake the  device much 
more s e n s i t i v e  than normal but  a l s o ,  t o  some e x t e n t ,  prevents 
t h e  poisoning ma te r i a l s  frozl en t e r ing  the pores because these  
ma te r i a l s  genera l ly  r e a c t  v i t h  the c a t a l y t i c  ma te r i a l  around 
t h e  pores '  entrance but do not go deep within the  pore where 
t h e  gases can Senet ra te .  

The use of such mater ia l  was considered f o r  t h i s  p r o j e c t  
bu t  w a s  r e j e c t e d  because of sone fundamental l i m i t a t i o n s .  
While t h e  porous ma te r i a l  reduces the  poisoning Froblem t h e r e  
has  been no way thus  f a r  found t o  ilse t he  ma te r i a l  in  a fo rn  
t h a t  w i l l  n ee t  t he  o ther  requirements of the  double bridge 
which a r e  bas i c  t o  the  so lu t ion  o f  t h e  o ther  problems such 
as temperature, f low and pressure-a l t i tude  . As an example, 
a connercial  sensor employing the porous ma te r i a l  had sub- 
s t a n t i a l  temperature e r ro r s  as i s  shown i n  Figure 10. 

In a c l a s s i c a l  work on cz ta l j r t i c  poisoning Faxted s t a t e s ,  
" the  poisoning of c a t a l y s t s  i s  e s s e n t i a l l y  a p r e f e r e n t i a l  
adsorpt ion e f f e c t  dependent oil the  forination of abnornally 
s t rong  adsorpt ive bonds betxeen a c a t a l y s t  and c e r t a i n  t s e s  
of adsorped spec ies  which a r e  usua l ly ,  but not always, 
fo re ign  t o  t he  reac t ing  sys tez  t o  be catalyzed. I n  mos t  
cases  the  s t rong  adsorptive bond by means of which t h e  poison 



3.8 

i s  h e l d  t o  t he  c a t a l y s t  appears t o  be of a h igh ly  s p e c i f i c  
and chemical na tu re ,  the  formation of such bonds being 
apyarent ly  dependent on d e f i n i t e  types o f  e l ec t ron ic  con- 
f i g u r a t i o n  both i n  the  c a t a l y s t  and i n  the  poison. 
t o x i c i t y  is  of co7Lrse a relative t e r ~ ,  scbstazces  a r e . i n  
pract ice(on1y regarded as poisons i f  they exe r t  an appreci-  
ab le  i n h i b i t i v e  e f f e c t  on c a t a l y s i s  even when they  a r e  present  
in  very  small concentrations.  '! 

0 
Although 

This p r e f e r e n t i a l  adsorption ind ica t e s  t h a t  t h e  poisoning 
process i s  h ighly  s e l e c t i v e  s o  t h a t  depending upon t h e  a n t i c i -  
Dated envi roment  it may be poss ib l e  t o  f i ~ d  c a t a l y t i c  
mater ia l  which xi11 reaa in  unpoisoned f o r  long per iods  of 
time simply because the  poisonous ma te r i a l s  never appear. 
In  t h i s  p ro jec t  a study iras made t o  f i n d  such ma te r i a l s  and 
while c e r t a i n  substances such as c e r t a i n  r a r e  e a r t h  oxides 
were considered, o the r  p r a c t i c a l  as  wel l  as time l i m i t a t i o n s  
precluded t h e i r  use in the  sensor developed. It i s  h igh ly  
probable howeve,- t h a t  f u r t h e r  work i n  t h i s  a r ea  would be pro- 
duct ive and has been im1uded i n  t h e  recormendations i n  
Sect ion V I .  

IIi-4. De3oisoninq. 

An a l t e r n a t e  approach t o  the sys t ea  design t o  e l b i n a t e  
poisoning e f f e c t s  would be t o  S u i l d  i n  a aechanisz which 
could a u t o n a t i c a l l y  deDoison a t  i n t e r v a l s  f requent  enough t o  
insure  t h a t  the  system was always operat ional .  There i s  
much in the  l i t e r a t u r e 6  
r equ i r e  some chemical processing TI.rhich xould be impract ical  
in an operz t iona l  instruzient. I n  the  development work on 
t h i s  p r o j e c t  means were found t o  depoison the  var ious 
sensors  built, primarily by r a i s i n g  t h e i r  t enpera ture  t o  
c e r t a i n  c r i t i c a l  values i n  a coabust ible  atmosphere. While 
t h i s  depoisoning was ve ry  e f f e c t i v e  i n  the  l i m i t e d  work 
done, the  sensors  required r e c a l i b r a t i o n  a f t e r  t he  depoison- 
ing. 
bu t  one which requi red  add i t iona l  work t o  be included i n  an 
automatic process which would happen a t  r egu la r  i n t e r v a l s .  

on depoisoning but m o s t  processes 

The r e c a l i b r a t i o n  again was a r e l a t i v e l y  simple process 

IIi-5 . E m l o  s ion Suwre  s sion . 
One of t h e  design goals on t h i s  con t r ac t  w a s  t h e  design of 
a sensor which would be incaqable of causing an e q l o s i o n  
under operat ing conditions.  I n  the  work done two  approaches 
were taken t o  t h i s  problem. in t h e  f i r s t  the  data shown 
in  Fig. 8 was used a s  a bas i s  f o r  t he  choice of the  operat ing 
temperature of the  sensors. A s  shom i n  Fig. 8 temperatures 
below approximately 400° C. were incapable of causing i g n i t i o n  
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in  any combination of pressures  and/or mixtures s ince  t h e  
data  shown w a s  f o r  a s to ich iometr ic  mixture of hydrogen 
and oxygen, A t  any o the r  mixture r a t i o s  the  energy required 
f o r  i g n i t i o n  would be g rea t e r  and the re fo re  t h e  temperature 
higher .  For t h i s  reason tile operat ing temperature o f  the  
sensor w a s  l imi t ed  t o  approximately 350" C. 

The body of t he  sensor elenent w a s  designed t o  automatical ly  
provide quenching because of i t s  phgsical  s i z e .  This would 
l i m i t  any poss ib le  e q l o s i o n  t h e r e f o r e  t o  only high concen- 
t r a t i o n s  of gas and a i r .  F i n a l l v  a flpme t r a p  was used as 

b L u p 3  -- 1 1 G V G  uccn shorn t o  s top  
flames i n  s to ich iometr ic  hydrogen/oxygen mixtures s o  t h a t  
t hey  a r e  even more e f f ec t ive  in  lower concentrat ion hydrogen/ 
a i r  flames. Both s i n t e r e d  bronze and s i n t e r e d  s t e e l  were 
found t o  be e f f e c t i v e  with the  s i n t e r e d  bronze somewhat 
b e t t e r ,  However because o f  t h e  requirement t o  p l a t e  t he  
s i n t e r e d  bronze it was decided f o r  t h i s  p ro jec t  t o  use s in -  
t e r e d  s t a i n l e s s  s t e e l .  

a d i f f u s e r ,  Fcese fla;;le +-e-- L---- L-- 

111-6. Theoret ical  Conditions f o r  t h e  Sensor, 

The p r i n c i p l e  upon which the hydrogen/air de t ec to r  operates  
i s  the  use of txo sensors one of which i s  c a t a l y t i c  and the 
o the r  no t  c a t a l - t i c  operated i n  double bridge (descr ibed in 
Sect ion 111-7) s o  t h a t  both sensors  a r e  operated a t  t he  same 
temperature, This temperature i s  he ld  constant under a l l  
condi t ions o f  ambient and input gas temperature. The sensors  
a r e  h e l d  constant by being placed i n  a bridge c i r c u i t  arranged 
s o  t h a t  t h e  e x c i t a t i o n  vol tage on t h e  bridge causes cur ren t  
t o  f low through the sensor producing s e l f  heat ing.  The c i r -  
c u i t  i s  arranged s o  t h a t  once the  two sensors a r e  a t  t he  exact 
same temperature,the feedback c i r c u i t  a c t s  t o  ho ld  them a t  
t h i s  temperature. X block diagram of the system i n  which 
they  a r e  used i s  shown in  Fig. 11 and e m l a i n e d  more i n  d e t a i l  
in Sect ion 111-7. 

The f i r s t  design considerat ion for t h e  sensors  i s  t h a t  f o r  
t h e  two elements t o  reinain a t  i d e n t i c a l  temperatures they  
must loose hea t  a t  the  se l ec t ed  operat ing temgerature a t  t he  
same r a t e .  Eqergy lo s ses  f ron  any hea t  d i s s i p a t i n g  element 
fall i n t o  t h r e e  categories:  conduction, convection and 
r a d i a t i o n .  The conduction l o s s e s  cons i s t  of hea t  conducted 
away from the  sensor by the mechanical mezbers supporting it. 
The convection lo s ses  a r e  those t h a t  a r e  r e l a t e d  t o  t he  
aerodynamic p rope r t i e s  of the  sensor element and i ts  gaseous 
e n v i r o m e n t ,  such a s  t h e  gas  dens i ty ,  v e l o c i t y  of the  gas 
passing over the e lenent ,  temperature gradient  within the  
gas and t o  a E h o r  extent;, %he absolute  temperatwe o f  the 
gas. The r a d i a t i o n  losses  can be e n t i r e l y  accounted for 
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by the  temperature d i f f e r e n t i a l  and t h e  emiss iv i ty  of t he  
sensor i n  t h e  container  body and a r e  a four th  power of  t h e  
temperature difference.  
t h e  sensor plays an i d e n t i c a l  r o l e  . In a l l  o f  t h e  above,the a rea  of 

A s h p l i f i e d  ey ;a t i~ l ;  f o r  heat  l o s s  i n  the S~IISGP can "ue 
wri t t en  as follows: 

(Tw4 - T, 4, (Radiation) v2 + Q = K1Ae 

+ K2A (pv)% (Tw - T, ) (Convection) 

+ K ~ L  (Tw - T, ) (Conduction) 

On the l e f t  hand o r  input s i d e  of the above equations i s  
shown the  temperature r i s e  due t o  t h e  e l e c t r i c a l  hea t ing  o f  
t h e  sensor r e s i s t a n c e  plus the  hea t  of combustion (Q) caused 
by the  catal-fi ic burning of th; gas. On t h e  r i g h t  hand s i d e  
i s  a s impl i f i ed  formula f o r  each of t h e  t h r e e  hea t  l o s s e s  
mentioned. Note t h a t  the  a rea  e f f e c t  i s  i d e n t i c a l  f o r  a l l  
t h r e e  types.  For r ad ia t ion  l o s s e s  the  e f f e c t  of sensor  
temperature is  a four th  power funct ion.  E h i s s i v i t y  ( e )  
v a r i e s  from a c o e f f i c i e n t  of 0 f o r  a non r a d i a t i n g  sur face  
t o  a c o e f f i c i e n t  o f  1.0 f o r  a completely r a d i a t i n g  surface.  
Since both o f  t he  sensor elements used in t'nis equipment a r e  
b r i g h t ,  pol ished and s i l v e r y  in  appearance, t he  emiss iv i ty  
Tor  both w i l l  approach 1.0. On the  basis of the above equa- 
t i o n s  i t  is  apparent t h a t  the design r equ i r e s  t h a t  t h e  r a d i -  
a t i n g  a rea  and teinperature be i d e n t i c a l  f o r  both units. As 
a consequence both t h e  c a t a l y t i c  and nonca ta ly t ic  sensor  
were designed t o  have exac t ly  the  same physical  shape and 
s i z e  and t o  t h e  extent  poss ib l e ,  t he  sane co lor  temperature. 
In p r a c t i c e  it w a s  found t h a t  t'ne temperature could be he ld  
t o  within approximately 1" C. over the  e n t i r e  operat ing 
ambient and s igna l  range. The a reas  of t h e  two sensors  
elements were matched t o  within 1:6. 

A t  t h e  o u t s e t  of t h i s  contract  the  o r i g i n a l  sensor  was con- 
ceived o f  as a mult i layered platinum r e s i s t o r  with a ca ta ly-  
t i c  coat ing covering the  r e s i s t o r  but  e l e c t r i c a l l y  i s o l a t e d  
from it and with t h e  e n t i r e  u n i t  being supported on a t h i n  
n o n e l e c t r i c a l l g  conducting s u b s t r a t e .  The p lan  was t o  separ- 
a t e  the  c a t a l y t i c  hea t ing  from t h e  r e s i s t i v e  tempera.ture 
sensing s o  as  t o  a l l o w  f l e x i b i l i t y  i n  t h e  choice of t h e  
catalyt ic  mater ia l  apa r t  from t h a t  of the  r e s i s t o r .  Subse- 
quent events disclosed t h a t  t h i s  design was impract ical .  The 
requirements for a proper c a t a l y t i c  sensor  t o  operate  as  a 
double br idge have been found t o  be as follows: 

(a.) The e f f e c t i v e  heated a reas  of both the  c a t a l y t i c  and 
nonca ta ly t i c  sensors nus t  be i d e n t i c a l .  This means t h a t  t h e  
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u n i t  hea t  coming from each area  of each sensor  must be 
the  same over the e n t i r e  area of the  sensor  t o  insure 
pred ic tab le  amounts of  thermal r a d i a t i o n ,  Thus the  i n t e g r a l  
o f  the temperature and the  sensor  a rea  ( f ( T A ) d t  ) must be 
the  same for both sensors .  

( b , )  
exac t ly  the  same temperature a s  t he  sensing r e s i s t o r  and 
fur thernore  must have the  same proper ty  a s - t h e  c a t a l y t i c  
r e s i s t o r ,  namely t h a t  i t s  u n i t  temperature over i t s  e n t i r e  
a rea  must be the  same temperature s o  t h a t  t h e  sane degree . 
of  c a t a l y t i c  a c t i v i t y  can be obtained from u n i t  t o  u n i t ,  

The temperature o f  the c a t a l y t i c  surface must be a t  

To meet t h e  above c r i t e r i a  it became apparent t h a t  no device 
which separa ted  the  hea t  rad ia t ion  surface from the tempera- 
t u r e  r ad ia t ion  element could succeed, Furthermore t e s t s  on 
var ious  subs t r a t e  mater ia ls  showed t h a t  the time constants  
on cool ing assoc ia ted  wi th  any p r a c t i c a l  s i z e  un i t  precluded 
t h e  use of such substrates 'were f a r  t o o  g r e a t ,  
consequence it became apparent t h a t  t h e  c a t a l y t i c  metal had 
t o  be used as the sensing element, 

A s  a 

111-7 , Theory of t he  Double Bridge. 

The hydrogen a i r  sensing system descr ibed here in  makes use 
o f  t he  Rassau Instruments,  Inc. Double Bridge.* Tne Double 
Bridge allows the use of two sensors ,  one of which is  a r e f -  
erence and the  other  the  ac t ive  sensor  which needs t o  be 
matched a t  only one operating temperature s ince  the  bridge 
holds  both sensors a t  a constant opera t ing  poin t  under a l l  
condi t ions.  The outcut sLgnal i s  taken a s  8 funct ion o f  
t h e  voltage required t~ rcbalancc t h e  rc fcrence  sensor .  %e 
sensor  for t h e  hydrogen/air detector  makes use o f  two 
p l a t i n m  metal sensors which a re  d 5 f f e r e n t i a l l y  c a t a l y t i c  i n  
a hydrogen/air n ix tu re ,  One is  much more so than the other .  
Both sensors  a r e  arranged s o  t h a t  they  a r e  exposed t c  the 
a i r / g a s  stream and a r e  designed s o  t h a t  the gas i s  allo~wed 
t o  d i f fuse  in to  the  sensing chamber, Tne sensing elements 
a r e  c a r e f u l l y  matched f o r  area and e n i s s i v i t y  and placed 
i n  a br idge c i r c u i t  s o  t h a t  they w i l l  always be maintained 
a t  a constant  temperature. Figure 11 shows a block diagram 
of the sensors  in a double br idge system, The sensor 
marked Sc i s  the ac t ive  m i i t  and the  m e  marked Snc i s  in- 
a c t i v e ,  Potentiometer R 3  i s  s e t  i n i t i a l l y  s o  t h a t  the  br idge 
w i l l  be balanced when Sc is a t  the  requi red  operat ing ten?- 
e ra tu re .  Because the c i r c u i t  operates  a s  a c o n t r o l l e r  r a t h e r  
than  a s  a t r u e  servoinechanism,there i s  a s l i g h t  unbalance 
from t h e  br idge t o  provide t'ne requi red  exc i t a t ion  vol tage Ef. 

* Patent  pending 
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I n  p rac t i ce  t h i s  unbalance is l e s s  than lo C. The exc i t a t ion  
vol tage  Ef i s  a l so  suyplied t o  the second br idge containing 
Snc which is  a l so  =lade t o  balance a t  exac t ly  the same 
temperature as SC s o  t h a t  i ts output i s  zero under normal 
operat ing conditions . A s  the ambient temperature changes, 
SC tends tc; heat  o r  cool as t h e  case may be ,  c a l l i n g  €or 
more o r  l e s s  feedback voltage Ef t o  maintain it a t  a constant  
temperature. Since the heat d i s s i p a t i n g  c h a r a c t e r i s t i c s  of 
both sensors  have been made i d e n t i c a l  a t  a given temperature 
t h e  output of the second bridge remains zero over the e n t i r e  
ambient temperatrare range. When t r a c e s  of hydrogen gas 
appear, c a t a l y t i c  burning O C C U ~ S  on the  surface of sensor 

c a l l s  f o r  l e s s  rebalance voltage t o  maintain SC a t  constant  
temperature. This unbalances Sridge No. 2 because Snc i s  now 
t o o  cool.  Bridge No. 2 c a l l s  f o r  more vol tage  which is  
obtained from Eo. To prevent the two rebalance vol tages  Ef 
and Eo intermixing, Ef i s  made t o  be AC and Eo DC. The c i r -  
c u i t  i s  arranged s o  t h a t  the rebalance vol tage 30 is  only ap- 
p l i e d  across  bridge No. 2. Eo then becomes t h e  output 
funct ion.  Since Eo i s  balancing the heat ing required f o r  
Sn, which in t u rn  i s  d i r e c t l y  propor t iona l  t o  t h e  mass and 
the re fo re  76 LZL ofahydrogen gas ,  the percent LEL w i l l  be 
propor t iona l  t o  Ea /R where R i s  the  e f f ec t ive  r e s i s t ance  
of br idge No. 2. Eo therefore  i s  propor t iona l  t o  the square 
r o o t  of percent LEL i n  the  c i r c u i t  shown. To make the  c i r -  
c u i t  l i n e a r  w i l l  r equi re  a vo l tage  squaring c i r c u i t  a t  Eo. 
I n  the  equipment being descriSed the output func t ion  Eo :qas 
taken as shown and a c a l i b r a t i o n  curve suppl ied as shown i n  
Figure 12. It was f e l t  t h a t  f o r  the  i n i t i a l  model it was 
p re fe rab le  t o  have the  increased s e n s i t i v i t y  a t  the lower 
ranges of LEL. For  l a t e r  models it i s  a simple rsat ter  t o  
rA u 
put  vs. p e r c m t  ind ica ted  LEL. 

Sc tepLdL-,g t o  r a i s e  its +*-----+--Y* c r G u y c L d b u I ~ .  Bridge No. 1 therefore  

n-nnTr- j&e  2 squaring a p l i - f i e r  t c ;  pi-o&~ce a. l i n e a r  v o l t a g e  o-ut- 
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I V .  SYSTEM AND COMPONDTT DESCRIPTIOH 

IV-1. System . 
The Nassau Instruments H2/air Combustible Gas Detector 
h s t r i m e n t  i s  d e s i p e d  t o  s e m e  the preseEce o f  small 
q u a n t i t i e s  of gaseous hydrogen in  a i r  over the range of 0 
t o  6 76 hydrogen in a i r  by volume corresponding t o  a range 
of 0 t o  150% of t he  lower explosion l i m i t  (LEL), assuming 
t h a t  t h e  most conservative f i g u r e  o f  4% i s  used f o r  the LZL. 
As discussed in Sect ion 111-1 t h i s  is the l i m i t  f o r  sea  
l e v e l  temperature and y e s s u r e  ambient, upward i g n i t i o n  
and noncoherent burning. 

The instrument c o n s i s t s  of a sensor Model 102-119 and an 
e l ec t ron ic  c o n t r o l l e r  Model 102-100 shown in  Fig. 16. It 
is  a prototype designed f o r  general  use aboard a spacecraf t .  
It d i f f e r s  f ron  c o m e r c i a l l y  ava i l ab le  equipment i n  t h a t  it 
has  been s p e c i f i c a l l y  d e s i q e d  t o  operate  over t he  m i l i t a r y  
temperature range (-55 t o  + 70" C . ) ,  makes use o f  i n i l i t a r y  
type e l e c t r o n i c  and nec'nanical conponents and ogerates  f r o m  
t h e  spacecraf t s  s tandard 28 V. doc .  supply and i s  i n s e n s i t i v e  
t o  floir .  It has been dexonstrated t o  ogerate a t  pressure  
a l t i t u d e  ranges equivaleat  t o  a razge f ron  sea l e v e l  t o  
50,000 f e e t .  The instruzlent i s  designed t o  be used witin a 
vacuwn soume onboard the  spacecraf t .  Tne vacuum, which can 
be suppl ied by a s a d 1  p u p ,  i s  used t o  draw the  gas / a i r  sanple 
through t h e  sensor. Because t h e  i n s t r m e n t  has been designed 
t o  be re la t ive lz r  f r e e  o f  r"1oi.r e f f e c t s  and because t h e r e  i s  
no impediment t o  the  flo1;;i Yrithin the sensor ,  t he  p m p  need 
only be ab le  t o  de l ive r  a flo7;r r a t e  ranging from 3 t o  10 
l i t e r s  p e r  minute a t  a head of no inore than 150 an. of  mercury. 

The sensor shotrn i n  Fig. 16 i s  f i t t e d  w i t h  s tandard :: inch 
type pipe t a p s  su i t ab le  f o r  s tandard a i r  tubing f i t t i n g s .  
It can be mounted d i r e c t l y  t o  t h e  spacecraf t  without shock 
mounts. 

The c o n t r o l l e r  shown i n  Fig. 16 i s  house6 i n  a drawn aluminum 
case and may also be d i r e c t l y  mouated t o  the spacecraf t .  
Connections between the c o n t r o l l e r  znd t h e  sensor a r e  by 
means o f  a multiconcuctor cable with connectors 2s s h o m  on 
t h e  o u t l i n e  drawings f o r  both devices. Tne i n s t r m e n t  was 
suppl ied with 6 foot  long cables .  Zowever tQe system per- 
formance i s  not a f f e c t e d  5y t h e  length of t he  cable  between 
t h e  sensor  and c o n t r o l l e r .  Table 1 l i s t s  t h e  instrument 
s p e c i f i c a t i o n s .  

. 
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SPECIFI CATIONS 

4.1 

Power Input:  

Operating Tenperatrme 
Range : 

Gas Range: 

Oxtp-at S i s a l  : 

Min. Detectable Level: 

System Response: 

Pressure-Alti tude Range : 

Alt i tude  : 

Weight: 

28 V.D.C. + 4 V. @ O.SA. 
Negative g7ound 

-55 t o  + 70" C. 

0 t o  150% LEL H2/Air (0 t o  6?$ H2/Air) 

0.3 t o  5 V.D.C. proport ional  t o  J-H2/Air 

1% LEL (0 . 04%) H2/-4ir. 

. 

1 sec. exclusive of time requi red  t o  
introduce gas t o  sensor 

Sea Level t o  50,000 f e e t .  

Sensor o r  Control ler  can be momted 
in any cl.irection and a l t i t u d e  v a r i s -  
t i o n s  w i l l  have f iegl igible  e f f e c t s  
on the  output.  

Sensor: 1-19 l b .  

Cont ro l le r :  5.37 l b .  

Range of Flow Rates 
t h r u  

I V - 2  . 
Sensor: 3 t o  9 l./min. 

Model 102-100 Double Bridae Control ler  . 
A Photograph a ~ a a _ ~  in te rns1  view of t h e  c o n t r o l l e r  i s  shown 
in  Fig. 16 and Tig. 17 respec t ive ly .  
e n t s  in  the c o n t r o l l e r  a r e  l oca t ed  on t h r e e  p r i n t e d  c i r c u i t  
plug-in boards. Each board i s  i d e n t i f i e d  and i t s  eo-zmector 
has been made s o  t h a t  it can only mate with the  proper con- 
nec tors .  ,The conplete c i r c u i t  block diagram i s  sho-m i n  Fig.l5.  
Referr ing t o  Fig. 15, a l l  of  t he  coaponents on t he  l e f t  s ide  
o f  the drawing a r e  placed on the  AC card  and a l l  of the  com- 
ponents on t h e  r i g h t  s i d e  are on the  DC card.  The power 
supply board contains  a 28 V. tube p l u s  a 
t h e  1 kc s igna l  generator and the  output opera t iona l  m p l i -  
f i e r  shown i n  the  upper r i g h t  hand corner.  -411 components 
within the dot ted  l i n e  on Fig. 15 a r e  i n  the  sensor. 

The instrument was supplied with a l l  c a l i b r a t i o n s  having 

All e l e c t r o n i c  compon- 

15 V. power supply,  

.. 
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been made a t  the fac tory .  Under noma1 condi t ions no 
c a l i b r a t i o n  need be done. However, p rovis ion  i s  made 
within the  c o n t r o l l e r  housing f o r  simple readjustment 
should it be required since a l l  t e s t  po in ts  and cont ro ls  
a r e  loca ted  a t  one end of the plug-in c i r c u i t  board. 

Standard p r in t ed  c i r c u i t  mechanical components as manu- 
f ac tu red  by Vero Inc.  have been used in t h e  con t ro l l e r .  
These units a r e  simple t o  use,  l i g h t  weight and have with- 
s t o o d  the  m i l i t a r y  range of shock and v ib ra t ion  i n  c e r t i f i e d  
t e s t s .  

IV-3 .  Sensor , 

The sensor i s  housed in a welded aluninum case.  Gas input 
and vacum l i n e s  a r e  connected t h r o u g h t b  '/4 inch pipe t a p s  
shown. d i r ec t ion  o f  gas flow i s  not  important. 
E l e c t r i c a l  connections t o  t h e  c o n t r o l l e r  a r e  nade through 
t h e  connector. 

All components within the sensor  a r e  mounted on the  face 
containing t h e  e l e c t r i c a l  conznector a s  shovm i n  Fig. 18. 
The sensor  elements a re  contained within an aluminum metal 
block and a r e  arranged s o  t h a t  t h e  gas en ters  the sensing 
chamber through a d i f fuse r  bo l t ed  d i r e c t l y  over t h e  openings, 
This d i f f u s e r  a l s o  a c t s  as  a flame t r a p  as discussed in 
Sec t ion  111-5. 

The prec is ion  r e s i s t o r s  used t o  complete the  bridge as  shovm 
in  Fig. 15 a r e  a l l  mounted on a c i r c u i t  board below the  
block. 
withstand t h e  enviroiments t o  which they  a r e  subjected and 
s p e c i f i c a l l y  have very  low thermal tenpera ture  coe f f i c i en t s .  

Components have been chosen f o r  t h e i r  a b i l i t y  t o  

A l l  adjustments t o  balance t h e  br idge c i r c u i t s  a r e  made i n  
t h e  f ac to ry  and must not  be upset s ince  these adjustments 
have been very c a r e f u l l y  made t o  insure t h a t  both of the 
sens ing  elements a r e  always at; t he  exact same temperature. 
The only adjustment required i n  the  sensor  i s  t h a t  shown on 
Fig.  15 as P3. This adjustment i s  used t o  supply a small 
o f f s e t  vol tage t o  t he  DC sec t ion  t o  produce a " l i v e "  zero 
c a l i b r a t i o n .  



V. TEST RES'ULTS 

V-1 . General Comments - 
The development e f f o r t  on t h i s  con t r ac t  w a s  d ivided i n t o  
two p a r t s .  
c o n t r o l l e r  vhich would be s u i t a b l e  f o r  t he  intended sensor.  
The second w a s  t h e  design of a sensor s u i t a b l e  f o r  the  
intended environment. 

The f i r s t  was the des i sn  of a Double Bridge 

Work was f i r s t  d i r ec t ed  towards the  design of a breadbclard 
e l ec t ron ic  c o n t r o l l e r  u s h g  a s i n u l a t e d  sensor.  Once t h i s  
had been completed t h e  f i n a l  c o n t r o l l e r  was packaged and 
t e s t e d .  

Because of a s e r i e s  of d i f f i c u l t i e s  i n  the  development xork 
on the sensors t h e r e  were e s s e n t i a l l y  t h r e e  sub-programs 
c a r r i e d  out on t h e  sensor development before t h e  fXnal 
sensor  configurat ion evolved, 

I n  the  development process much valuable information was 
developed which, i n  t h e  case of t h e  c o n t r o l l e r ,  can have 
app l i ca t ion  f a r  beyond the present  hazardous gas de tec tor .  
The sensor development has provided a much b e t t e r  understand- 
i n g  of the  mechanics o f  hazardous gas detec t ion  using the 
catal-fi ic t n e  de t ec to r  and po in t s  t h e  way for f u r t h e r  and 
perhaps dramatic imFrovement izl the  sensor developnent . 
V-2. Control ler  Breadboard Developaent. 

The f i r s t  approach tc! t h e  desi,n, of a feedback circ1.i-t. was 
t h e  use*of  a s e l f  o s c i l l a t i n g  c i r c u i t  o f  the  t m e  shown 
in  Figure 13 in  which the r e s i s t i v e  element was one l e g  of 
what i s  comonly  considered t o  be a Wein bridge o s c i l l a t o r  
c i r c u i t .  This c i r c u i t  was t r i e d  as shown and while it main- 
t a i n e d  the  vol tage across  the  sensor ,  R t  it was very d i f f i c u l t  
t o  ad jus t  f o r  a s e l e c t e d  value of  2t s o  t h a t  it was decided 
that  a somewhat more elaborate  c i r c u i t  would have t o  be used 
Furthermore, ana lys i s  showed t h a t  with very  f a s t  responsive 
sensing elements, it was possiSle t o  ge t  complex feedback nodes 
unless  the c a r r i e r  frequency was made much higher  than or ig-  
i n a l l y  planned. Because of rad io  noise  requirements i n  t h i s  
equipment xhich,  i n  accordance x i t h  IIIL-1-6161, s t a r t  a t  
f requencies  as low as  15 kc, it was decided t o  hold the 
c a r r i e r  operat ing frequency t o  a naximm o f  1 kc and t o  op- 
e r a t e  it i n  as pure a s inusoidel  node a s  poss ib l e  t o  avoid 
harmonics. 
a t ,  say 5 kc which vould 'nave put t h e  t h i r d  haraonic within 

It was f e l t  t h a t  t o  at tempt t o  operate  t h e  system 
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t h e  rad io  noise  spectrum, would be dangerous s ince  i f  
r a d i o  noise  were u l t imate ly  found i n  the  system it  would 
be very d i f f i c u l t  t o  lower the  frequency o f  t he  c a r r i e r  
without extensive redesign. It would of  course be impossi- 
b l e  t o  t e s t  the  system f o r  r a d i o  no ise  u n t i l  it was a l m o s t  
completely designed including f i n a l  packaging. 

For the above reasons it was decided t o  separa te  the  
feedback funct ion i n  the  bridge c i r c u i t s  from the  exc i ta -  
t i o n  funct ion and s o  t he  c i r c u i t  shown in Figure 14 was 
designe d. 

Measurements on t h i s  c i r c u i t  showed t h a t  it was capable 
of maintaining the  temperature of t he  sensor within 0.16' C. 
wi th  an ove ra l l  ampl i f i e r  gain of about 500. This c o n s t i t u t e d  
e s s e n t i a l l y  the  AC and DC feedback l o o p s  with provis ion f o r  
simply converting t h e  AC t o  DC by r e c t i f i c a t i o n .  

d complete frequency response o f  the  systen w a s  not taken 
bu t  observations o f  the  c i r c u i t  make it c l e a r  t h a t  t he  
limits of t h e  response t i n e  have t o  do with the time con- 
s t a n t s  on the  f i l t e r  and the DC s ec t ion  and t h e  LC s e r i e s  
f i l t e r  used t o  block the  AC f r o m  the DC. A l l  of these  f i l t e r s  
had time constants  on t h e  order  of mil l iseconds.  Wnen the 
system w a s  complete an observation was made where the  sensor 
element w a s  modulated with t h e  voice frequencies  by simply 
holding it c lose  t o  the  xouth and t a l k i n g  across  it. Althov.gh 
t h e  f i d e l i t y  o f  the  output l e f t  much t o  be des i r ed ,  t he re  
w a s  c l e a r  evidence or" voice modulation i n s i c a t i n g  ove ra l l  
inherent  frequency res2onse of l e s s  than  100 milliseconds.  

The 1 kc c a r r i e r  frequency was generated i n  a s inp le  F a r a l l e l  
'I' o s c i l l a t o r  c i r c u i t  with a b u f f e r  a n p i i f i e r  t o  supply 
re ference  vol tages  t o  t h e  d i s c r h i n a t o r  c i r c u i t s  a s  ~ : ~ l l  
as input s igna l s  t o  both the  AC and DC a p l i f i e r  channels. 
This c i r c u i t  was f i n a l l y  completed a s  a double Sridge as 
shovm i n  Fig. 15- 
V-3. Laboratory sensors . 
In the  o r i g i n a l  concept i t  w a s  planned t o  b u i l d  the  sensors 
on a nonconducting ceramic type s u b s t r a t e  upon which would 
be placed f i r s t  a p la t inun  o r  n i c k e l  r e s i s t o r ,  then a t h i n  
i n s u l a t i n g  f i l m  md f i n a l l y  a c a t a l y t i c  coating. S i l k  screen 
designs were made f o r  the r e s i s t o r s  i n  t h e  form of a double 
S s o  t h a t  the  r e s i s t a n c e  p a t t e r n  covered mos t  of t h e  surface 
o f  t h e  sensor.  Calculations had shown t h a t  f g r  purposes of 
h e a t  d i s s i p a t i o n  an a rea  on the  order  of 1 cm was required.  
The i n i t i a l  sensors were p r in t ed  on a v a r i e t y  of s u b s t r a t e s  
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f o r  evaluat ion including g lass ,  pol ished aluminum, 
anodized alminwn and a sxooth ceran ic .  It was found t h a t  
even with t h e  smoothest undercoat provided by the  glass, 
t h e  r e s i s t ance  f r o 3  sample t o  s m p l e  va r i ed  s o  nuch s o  
t h a t  a s u b s t a n t i a l  amount of trimming would have t o  be 
dzlne t o  obtaln exact values of r e s i s t ance .  Mere h p e r t a n t  
however w a s  the  f a c t  t h a t  t h e  o v e r a l l  a rea  of r e s i s t o r s  
o f  the  same value vas not  t he  same from u n i t  t o  u n i t  s o  
t h a t  t h e  r a d i a t i n g  surface -$auld be d i f f e r e n t .  

It w a s  impossible t o  f a b r i c a t e  the  r e s i s t o r s  us ing  t h e  
t h i c k  f i lm  technique on anodized sur faces  s ince  the r e l a -  

var ious a reas  of t he  r e s i s t o r  r e s u l t i n g  e i t h e r  i n  open 
c i r c u i t s  o r  r e s i s t ance  values  which va r i ed  over many orders  
o f  magnitude . 
The g l a s s  base r e s i s t o r s  ifere evaluated f o r  t h e i r  d i ss lpa-  
t i o n  c h a r a c t e r i s t i c s  i n  a i r .  It w a s  a t  t h i s  po in t  t h a t  it 
w a s  discovered v i r t u a l l y  impossible f ron  a p r a c t i c a l  g o i n t  
o f  view, t o  make a un i t  :.rhose e f f e c t i v e  hea t  d i s s i p a t i n g  
a r e a  could be slade u n i f o m  while a t  t he  same t h e  c o n t r o l l i n g  
t h e  exact r e s i s t ance .  

t i v e l y  reugh s.nface preyvTided & i s c o n t i n u i t i e s  between t h e  

Reanalysis of t he  sensor requirements showed tha t  it was 
mzndatory t h a t  the r e s i s t ance  element be con t ro l l ed  very  
c a r e f u l l y .  The second agproach was t h e  evaluat ion o f  a 
sensor  which was e s s e n t i a l l y  a very  f i n e  c o i l  o f  r e s i s t a n c e  
wire mounted between two very t h i n  pure platinum metal 
l a g e r s  and bonded t o  these l aye r s  with high hea t  t r a n s f e r  
cement ivhich t r a n s n i t t e d  the hea t  but i n su la t ed  t h e  ou te r  
s h e l l  f r o m  thea r e s i s t ance  !.rire. 
o rder  sf 1 cn. were zaintained.  Xessurements vere  taken on 
t h e  temperature of t he  inner h e a t e r  element vs.  t he  surface 
o f  the  p l a t i n m  which was t o  a c t  as a c a t a l y s t .  The theory 
followed w a s  t h a t  t he  heat  t r a n s f e r  r a t e  would be r eve r s i -  
b l e  depending upon whether t h e  c o i l  was heated with the  hea t  
d i s s i p a t i n g  outward t o  the  s h e l l  o r  a l t e r n a t e l y ,  the  s h e l l  
w a s  heated with the  hea t  being t r a n s f e r r e d  inward t o  the  
c o i l .  It w a s  discovered t h a t  t h e r e  was a l a rge  temperatune 
d i f f e rence  between the  c o i l  temperature and t h e  sur face  of 
t h e  platinum. Furthermore, by scanning the  su r face  o f  the  
p l a t inun  it w a s  found t h a t  those p a r t s  of the sur face  
d i r e c t l y  over t he  cen te r  of t h e  c o i l  were considerably h o t t e r  
than  p a r t s  of t h e  surface even as l i t t l e  as a 1/16 inch away. 
It was then  r e a l i z e d  t h a t  it would be v i r t u a l l y  impossible 
t o  ge t  a design in  which the i n t e g r a l  of  t h e  temperature and 
sur face  a rea  would remain t h e  sane from u n i t  t o  u n i t  using 
th i s  design approach . 

Again dimensions on the  
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A t  t h i s  point  it became apparent t h a t  t h e  c a t a l y t i c  
mater ia l  would have t o  be i n  such int imate  contact  with 
t h e  hea t ing  elenent t h a t  f o r  a l l  p r a c t i c a l  purposes the  
only way it could be done was t o  make t h e  c a t a l y t i c  mater- 
i a l  t he  hea t ing  element. The condi t ions f o r  t he  sensor  a r e  
d e t a i l e d  i n  Sect ion 111-6. Various forms were t r i e d  t o  
determine whether one geometrical f o r m  had an advantage 
over another ,  There seeaed t o  be no p a r t i c u l a r  advantage 
t o  any f o r a  including the s tandard c o i l  and s o  a very  
simple s t r a i g h t  sec t ion  was used, 

The sensing elements were arranged i n  a holder  such t h a t  
they  could be sh ie lded  from the  outs ide  environzent by 
a porous d i f f u s i n s  n a t e r i a l  which would a c t  both as a 
d i f f u s e r  and a l so  as an explosion suppressor as previously 
discussed. Considerable care was taken i n  the sensor t o  
insure  t h a t  the  geometry o f  each u n i t  was exac t ly  t h e  same 
both f o r  the  sensor shape i t s e l f  and the  surrounding 
environment. This e l b i n a t e d  poss ib le  d i f fe rences  i n  the  
r a t e s  o f  hea t  loss from each o f  t he  units. 

The sensors were placed in a n  a l m i n m  block wit5 t h e  
d i f f u s e r  secured across  t h e  top s o  t h a t  the gas could 
d i f fuse  i n t o  each of t h e  sensing chambers. Gn the  bottoin 
o f  t he  block a l l  of t he  bridge r e s i s t o r s  shown i n  Figure 15 
were mounted s o  t h a t  the  e n t i r e  sensor could then be 
a t tached  t o  t he  c o n t r o l l e r  with a multi-conductor cable  i n  
which the  r e s i s t ance  of the wires would not  e f f e c t  t h e  
sensor operation. Is p a r t  o f  t he  c a l i b r a t i o n  procedure 
both o f  t h e  bridges were c a r e f u l l y  balanced so  t h a t  both 
sensors  would be a t  the iden t i ca l  opera t ing  temperature. 
The assembly i s  shorwn i n  Fig. 18, 

Before ins ta l . l ing  the  sensor elements, exact data  on tempera- 
t u r e  vs. r e s i s t ance  o f  the  ;?laterial  was taken s o  tha'c each 
br idge could be balanced t o  produce exac t ly  the  saae o2erat ing 

-temperature thereby guarantying t h a t  both sensors would 
operate  a t  exac t ly  the  sane temcerature.  Secause of the 
r e s u l t s  obtained with the  double br idge c i r c u i t ,  it had been 
previous ly  determined t h a t  once a temperature was e s t ab l i shed ,  
t h e  feedback cont ro l  c i r c u i t  h e l d  it within 1' C. over t he  
e n t i r e  operat ing range. This then insured t h a t  both sensors 
were within 2 O  C. o f  each o ther .  Before f i n a l i z i n g  t h i s  
design var ious t m e s  of  chanbers, s i z e s  of sensing c la te r ia l  
and v a r i a t i o n s  i n  t h e  mechanical arrangement of  t he  sensor 
were t r i e d .  Although extensive t e s t h g  was not  done on each 
conf igura t ion ,  it appears t h a t  the s inp le  design described 
above produced the  sane results as a l l  of the o ther  arrange- 
ments. Therefore the  t e s t  da t a  described below i s  t h a t  taken 
for t h e  f i n a l  sensor. 



v-4 . Alt i tude  Ef fec t s  on Sensor. 

I n  Sect ion 111-1 it was shovm t h a t  t h e r e  w a s  v i r t u a l l y  
no t h e o r e t i c a l  l i m i t  of a l t i t u d e  above which i g n i t i o n  
cannot take place i f  enough i g n i t i o n  energy i s  s q p l i e d  

It was shown t h a t  f o r  ranges above 50,000 f e e t ,  however, 
t h e  source of i g n i t i o n  energy requi red  t o  cause an ex- 
plosion increased s u b s t a n t i a l l y  s o  t h a t  t h e r e  i s  a p r a c t i -  
c a l  l i m i t  above which it could be s t a t e d  for purposes of 
s a f e t y ,  t h a t  no explosion hazard e x i s t s .  

2nd if +Ihe g i r  i i r  m i ~ t i a e  is above c e r t s i c  m i n - j ~ ~ ~ a s ,  

In  Section 111-2 t h e  t h e o r e t i c a l  c o n d i t i o m  f o r  a c.ataly- 
t i c  type sensor were discussed and it was shovm t h a t  a 
somewhat conplex r e l a t ionsh ip  ex i s t ed  between t h e  hea t  
generated on the  sur face  of t h e  c a t a l y t i c  mater ia l  and 
pressures  below sea l e v e l .  For a constant  temperatwe 
sensor with 8 l imi t ed  a rea  o f  the type used f o r  t h i s  equip- 
ment it was shown t h a t  t he re  was a d i r e c t  p ressure  dependency 
on heat  generated which e f f e c t i v e l y  reduced the  apparent 
output s i g n a l  as shown in  Figure 9. 

To confirm these  t h e o r e t i c a l  considerat ions a v a r i e t y  of 
t e s t s  Twere done, These t e s t s  were a l l  perforned in the  
labora tory  i n  a Bel l  J a r  used t o  sizlulate increas ing  a l t i -  
tude. The t e s t s  were performed both f o r  the Nassau constant 
temperature device and f o r  a n  uncontrol led temperature sensor  
as i s  genera l ly  found  in  c o m e r c i a l  u n i t s .  The r e s u l t s  of 
t hese  l a t t e r  t e s t s  i s  shotm in Figure 3. Other t e s t s  were 
run in  s t i l l  a i r /gas  mixtures and with gases f l o w h g  throush 
both the  Nassau sexsor and the  c o m e r c i z l  sensors.  Tlne 
r e s u l t s  f o r  the commercial sensors  again shown in Figure 3. 
F o r  t he  Doi’hle-SrFdge sensor t h e r e  w a s  a s l i g h t  effect -!~j+Ih 
no flowing gas when the  sensor was subjec t  t o  changes i n  
a l t i t u d e .  Referr ing t o  Figure 9 ,  the c w v e  shown f e l l  off  
a l i t t l e  more rap id ly ,  The curve shown was repe2ted in a 
nuinber of d i f f e r e n t  e x p e r b e n t s  with sensors  of s l i g h t l y  
d i f f e r e n t  s i z e  but the  same mechanical form. 4- v a r i e t y  o f  
d i f f e r e n t  d i f f u s e r s  was a l s o  t r i e d  ranging from a heavy 
porous paper t o  a t h i c k  sec t ion  of porous s t a i n l e s s  s t e e l ,  
AS might have been expected f r o m  t h e o r e t i c a l  condi t ions 
t h e  r a t e  of d i f fus ion  through a l l  o f  these  ma te r i a l s  was s o  
fas t  t h a t  t h e r e  was no observable e f f e c t .  A s  i s  shown below 
t h e r e  i s  no e f f e c t  with varying flow r a t e  with the  Nassau 
Sensor once a minimum f low r a t e  i s  es tab l i shed .  
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V-5. Temerature  Tests.  

, 

Tests were run on each of the  sys ten  components s epa ra t e ly  
exposed t o  a temperature range of -55 t o  +70° C. Ei the r  
t h e  c o n t r o l l e r  o r  t h e  sensor was placed i n  t h e  environmental 
shmber  with t he  o the r  c~zp~_n,e_n,t  o ~ t s i d e  the  chamber. 
Provision was made t o  flow t h e  des i r ed  gas / a i r  mixtures 
through the  sensor a t  a constant f l o w  r a t e  o f  3.8 l i t e rs /min .  
which had been deternined t o  be a median flow r a t e  within 
t h e  f low range where the  sensor would not  be e f f ec t ed ,  

Power supply was constant a t  28.0 v o l t s  and ambient termper- 
a h r e  w a s  22" C. 

V-5 . 1 . Resul ts  . 
(a.) Control ler :  There was no observable change in the  
output e i t h e r  a t  a zero 76 LEL gas o r  a 75% LEL gas as the 
tenpera ture  was v a r i e d  over t he  e n t i r e  range. 

V-6. Flow S e n s i t i v i t y .  

The sys ten  w a s  s e t  up with provis ion f o r  varying t h e  flow 
r a t e  of t he  H2/gas f rom z e r o  t o  10 l i te rs /min .  Standard 
vol tage and temperature was na in ta ined ,  Data was taken f o r  
75% LEL gas mixture. Flow w a s  s t a b i l i z e d  above l o  l . /n in.  
and then reduced. 

V-6.1. Resul ts .  

Flow 1 . /min . 
10 
9.10 
6.97 
4.84 
2.82 
1.90 
1-00 

EO Ind. % LEL - 
3.80 84 
3.80 84 

84 
84 

3.80 
3.80 
3.80 84 
3 -77 83 
3 -65 80 

V-7. Cal ibrat ion:  Gas Concentration vs . Indica ted  LET,. 

The system was s e t  up a t  normal tenpera ture ,  pressure and 
vol tage.  Provision was =lade t o  supply t h e  sensor from 
var ious  gas b o t t l e s  having d i f f e r e n t  IQ/air concentrat ions.  
Flow w a s  regula ted  a t  a constant 3.8 l i t e rs /min .  The gas 
w a s  exhausted f r o 3  t he  sensor i n t o  the atnosphere s o  t h a t  
a l l  pressures  were a t  sea l e v e l ,  Tne instrument was i n i t i a l -  
l y  c a l i b r a t e d  s o  t h a t  a 7436 LZL mixture yielded 5-52 v o l t s  
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corresponding t o  75% on drawing SIC-1067-3. 
voltage were taken and LZL readings taken fron 32;;-1067-3. 
The sensor w a s  evacuated between each reading. 

V-7.1. Resul ts .  

Readings of  

Gas Concentration EO Indica ted  LEL 
% LEL V.DC 76 LEX! 

75 
34.5 
10 

2 
0 

3.52 
2.34 
1.07 
n II u.-r8 
0.21 

V-8. Voltage SuDpl-y Variations . 

75.0 
33.? 

5.9 
0.34 
1 z  
I.) 

The system w a s  s e t  up a t  normal pressure and temgerature 
with provis ion made t o  vary the  sups ly  vol tage fron 25 t o  
31 V. DC. Observations were nade a t  0:; LZL and 75;; LZL. 
There were no observable va r i a t ions  in  the  output i nd ica t ion  
under any o f  these conditions 2s  a funct ion of vol tage 
v a r i a t i o n .  

V-9. Sensor deDoisonin%. 

The c a t a l y t i c  de t ec to r  elenegt s enployed i n  the H2/'+kir 
Conbustible Gas Detector are  subjec t  t o  an e f f e c t  c a l l e d  
poisoning. The r e s u l t  of  such poisoning i s  t o  change the  
response o f  the de t ec to r  element s o  t h a t  it e i t h e r  has a 
smaller  than  known response o r ,  in  severe cases of  ?oiso,ning, 

' "  a n - n - f - . . n A  * 

t h e  poisoning o f  c a t s l y t i c  de t ec to r s  i s  a s w f a c e  e f f e c t  
which renders the  de tec tor  ino2erabie m l e s s  the surface i s  
decontaminated. A s e r i e s  o f  t e s t s  xas conducted i n  an 
attempt t o  f i n d  a sim_ole 2nd gossib1;Y a u t o m t i c ,  rnethod t o  
decontaninate sensors once t l s e j  xere  poisorred. IJhile t he  
t e s t s  were not  e n t i r e l y  successful  i n  t h a t  an au toaa t i c  
method w a s  no t  es tab l i shed ,  the  r e s u l t s  a r e  repor ted  here 
s ince  it i s  poss ib le  t h a t  f u r t h e r  ivrork in t h i s  a r ea  can l e a d  
t o  such an zutomatic process. 

no rzsponse a t  a l l .  --la U G : 3 L ~ - U C c L  2 - 2  Sections III and IV, 

The two primary poisoning age2ts t o  be considered a r e  the  
products of var ious s i l i cone  ma te r i a l s  t h e  m o s t  important o f  
which i s  s i l i c o n e  o i l  and grease and secondly, small m o u n t s  
of Hydrogen 3ul f  ide tr'nici a r e  genera l ly  fouyd a s  com>onents 
of o the r  mater ia l s .  The t e s t s  xere conducted s.rith a s tandard 
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commercial grade o f  s i l i cone  o i l  which w a s  app l i ed  t o  t he  
sensor i n  a v a r i e t y  of ways none of which made any ma te r i a l  
difference.  Ultimately the sensor w a s  simply coated with the  
o i l  by using a smsll swab. 

Tests  were run on an operating sensor which w a s  then  poisoned 
by the  above coat ing process ,  and r e t e s t e d  t o  insure  t h a t  it 
had l o s t  i t s  s e n s i t i v i t y ,  Various depoisoning techniques 
were employed t o  discover  whether the  sensor could be returned 
t o  i t s  o r i g i n a l  l e v e l  o f  s e n s i t i v i t y  and secondly, t o  de te r -  
mine what e f f e c t s  i f  any such depoisoning a c t i v i t i e s  had on 
t h e  zero in t e rcep t  o f  t h e  :6 LEL curve. 

The depoisoning techniques a l l  centered around t h e  hea t ing  
o f  the  c a t a l y t i c  element t o  a temperature of approximately 
1500' F. i n  a combustible atmosphere f o r  a sho r t  t i n e .  
Although much data was taken, t he  v a r i a t i o n s  i n  the data  make 
it d i f f i c u l t  t o  p l o t  o r  t abula te .  E s s e n t i a l l y  xhat happened 
w a s  that  assuqing a reading of loo;$ f o r  a 100:/0 LEL gas nix- 
t u e ,  d i r e c t l y  a f t e r  poisoning and depoisoning, t h e  zero 
i n t e r c e p t  which o r i g f n a l l y  w a s  very c lose  t o  zero rose  t o  a 
value equivalent t o  between 2 and 576 LSL and s t a b i l i z e d  a t  
t h i s  value,  Tne sensor vhen h i t i a l l y  exposed t o  gas a f t e r  
t h e  depoisoning would proiiuce an output as much as 5G% higher  
than the  o r i g i n a l  value. After  approximately an hour, t h i s  
value would gradual ly  drop u n t i l  readings c lose  t o  t h e  
o r i g i n a l  were obtained. 
process w a s  repeated t h e  same e f f e c t s  were observed except 
t h a t  t h e  t i n e  f o r  s t a b i l i z a t i o n  was reduced. 
s i v e  t e s t s  were not  run it was observed t h a t  t h e r e  i ~ a s  
apparent ly  soze r e l a t ionsh i2  between the  requi red  s t a b i l i z a -  
t i o n  per iod and t h e  coabust ible  a i r / g a s  r a t i o  used during 
t h e  depoisoning process. It is  poss ib le  t h a t  an o p t i n m  
value e x i s t s  f o r  a given sensor which would j u s t  r e t u r n  the  
sensor  t o  i t s  o r i g i n a l  value. 

As t h e  poisoning and depoisoning 

Although exten- 

It is unfortunate  t h a t  v i r t u a l l y  a l l  of t h e  work in poison- 
ing  and depoisoning on t h i s  p r o j e c t  had t o  be done empir ica l ly  
s ince  the re  i s  no adequate t h e o r e t i c a l  bas i s  f o r  such work. 
An extensive search of t he  l i t e r a t u r e  and o f  knowledgeable 
people i n  the  f i e l d  was nade in the course of t h i s  p ro jec t  
and it w a s  genera l ly  concluded t h a t  although t h e  g e n e r a l i t i e s  
underlying the  poisoning process a r e  understood,i t  i s  i m -  
poss ib l e  t o  quant i fy  the ava i lab le  knowledge t o  produce a 
sensor  which can be completely f r e e  o f  these  defec ts .  If a 
good t h e o r e t i c a l  understanding of  t h i s  process  were estab-  
l i s h e d  c a t a l y s i s  could be a powerful t o o l  f o r  a l a r g e  number 
of gas and vapor illeasuring instruments.  
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V I  . RECOMMENDATIONS . 
From t h e  work repor ted  here in  it i s  c l e a r  t h a t  a very 
s e n s i t i v e  hydrogen/air gas de tec tor  can be made which, 
although it has c e r t a i n  l j m i t a t i o n s ,  w i l l ,  be su i t ab le  f o r  
spacecraf t  use. Fur ther  e f f o r t s  shouid be d i r ec t ed  in 
t h e  following areas:  

VI-1. Studies  of nonplatinum mater ia l s  which a re  c a t a l y s t s  
f o r  hgdrogen/oxygen mixtures should be made with the  
object ive of f inding mater ia l s  which: 

( a , )  
mater ia l s  around a spacecraf t  and 

(b.) 
of  t h e  double-bridge i . e .  . . . . .capable of having a 
res i s tance-area  r e l a t ionsh ip  which i s  r e a d i l y  con- 
t r o l l a b l e  s o  t h a t  s imi l a r  u n i t s  can have i d e n t i c a l  
hea t  d i s s ipa t ion  c h a r a c t e r i s t i c s  a t  i d e n t i c a l  re -  
s i s t ances .  

a r e  poison r e s i s t a n t  t o  the  commonly found 

which can be fabr ica ted  t o  neet  the requirements 

VI-2. Cata ly t ic  sensors operat ing a t  constant temperature 
should be inves t iga ted  f o r  other  s i z e s  and shapes t o  reduce 
t h e  e f f e c t  of  reduced pressures .  One d i r ec t ion  which 
t h e o r e t i c a l l y  appears f r u i t f u l  i s  t h a t  o f  s u b s t a n t i a l l y  
increas ing  the  a rea  o f  the  sensor t o  aake the  Dean f r e e  
pa th  of t he  gas molecules much l e s s  than the  e f f e c t i v e  area 
a t  reduced pressures .  A second d i r e c t i o n  is  the poss ib le  
development o f  a porous coating which w i l l  allow hydrogen 
and oxygen molecules t o  pass through while d i scr imina t ing  
aga ins t  t h e  l a r g e r  molecules. Some o f  the work i n  t h i s  
cont rac t  with the very  f ine  d i f f u s e r s  indicztei i  t h a t  such 
was poss ib le  . 
F i n a l l y  the  sensor operating tespera ture  can be lowered such 
t h a t  s u f f i c i e n t  s e n s i t i v i t y  i s  s t i l l  obtained. An optimum 
temperature vs. pressure e f f e c t  condi t ion  can be found. 

Another d i r ec t ion  which might prove f r u i t f u l  although l e s s  
e legant  i n  p r i n c i p l e ,  is  t o  monitor pressure and increase 
t h e  sensor teapera ture  t o  compensate f o r  t he  decreased 
a c t i v i t y .  While t h e o r e t i c a l l y  poss ib le  t h i s  requi res  pres- 
su re  ambient sensing and va r i a t ions  i n  system l o o p  gain 
which could produce e i t h e r  s t a b i l i t y  problems o r  a long 
inherent  response time. 

V I - 3 .  One of the important cont r ibu t ions  t o  the a r t  of 
hazardous gas sensing made on t h i s  cont rac t  was the use of 
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a sensor which was e s s e n t i a l l y  non-f low s e n s i t i v e .  For 
t h i s  reason it i s  probabie t h a t  a s i n g l e  sensor o r  a few 
sensors can be loca ted  and, with an appropr ia te  vacuum 
pump and vacuum l i n e s ,  can be s e t  up t o  r e a d i l y  sense 
s u b s t a n t i a l  volumes within the spacecraf t .  The sensing 
l i n e s  can e i t h e r  be s e t  up a l i  i n  p a r a l l e l  which i s  the  
simplest  coinbkation o r , i f  it i s  des i r ed  t o  l o c a l i z e  t h e  
source of t h e  hydrogen/air, a pneumatic s cav le r  bihich is  
p resen t ly  ava i lab le  could be employed. A s tudy of var ious 
operat ing aodes of these  sensors monitoring t y p i c a l  space- 
c r a f t  a r eas  should be made t o  a m i v e  a t  an o p t h u i  o r  
p re fe r r ed  techniques. 

VI-4. Studies  should be undertaken t o  obtain a c l e a r e r  
understanding o f  t h e  mechanism o f  poisoning on platinum and 
platinum alloy mate r i a l s  f o r  the purpose o f  developing 
methods which can be r e a d i l y  employed within an instrument 
t o  e i t h e r  prevent t he  poisoning, o r  s ince  t h a t  i s  un l ike ly ,  
t o  r egu la r ly  allow a depoisoning cycle  t o  be en2loyed. 

VI-5. The present  c o n t r o l l e r  =aeasures 9 1/8 5J x 7 1/4 H x 5 518 D 
and weighs 5.4 lbs .  It was designed using r e a d i l y  ava i l ab le  
components and with the  considerat ion of making all conponents 
r e a d i l y  ava i l ab le  f o r  i n i t i a l  evaluat ion.  A secor,d design 
employing e i t h e r  hybrid o r  p re fe rab ly  in t eg ra t ed  c i r c u i t s  and 
t i g h t e r  packagizlg could r e s u l t  i n  an instrument of approximately 
1/4 t h e  voluiie o f  t h e  present u n i t  and 5O?6 l e s s  r;reight. 
is a l s o  probable t h a t  the  t o t a l  power input could be reduced 
by approxinately h a l f .  

It 

. 
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